Context: With the aging of the population and projected increase in osteoporotic fractures coupled with the declining use of osteoporosis medications, there is a compelling need for new approaches to treat osteoporosis. Given that age-related osteoporosis generally coexists with multiple other comorbidities (e.g., atherosclerosis, diabetes, frailty) that share aging as the leading risk factor, there is growing interest in the "Geroscience Hypothesis," which posits that manipulation of fundamental aging mechanisms will delay the appearance or severity of multiple chronic diseases because these diseases share aging as the underlying risk factor. In this context, one fundamental aging mechanism that has received considerable attention recently as contributing to multiple age-related morbidities is cellular senescence. This mini-review provides an overview on cellular senescence with a focus on its role in mediating age-related bone loss.
W ith the aging of the population world-wide, agerelated osteoporosis and fractures are enormous, and growing, public health problems. For example, in the year 2000, there were ;9 million osteoporotic fractures (1.6 million hip, 1.7 million forearm, and 1.4 million clinical vertebral fractures) (1) , and by 2050 the worldwide incidence of hip fracture is expected to increase by 240% and 310% in women and men, respectively (2) . To put this in further context, the number of women who will experience a fracture in 1 year exceeds the combined number of women who will experience incident breast cancer, myocardial infarction, or stroke (3).
As is the case for many other chronic diseases, there has been tremendous progress over the past 30 years in developing drugs to prevent osteoporotic fractures. Although estrogen replacement therapy is now rarely used for the prevention or treatment of osteoporosis, following the results of the Women's Health Initiative (4), numerous additional pharmacological options have been developed, including a selective estrogen receptor modulator (raloxifene) (5) , four bisphosphonates (alendronate, risedronate, ibandronate, and zoledronic acid) (6), a human monoclonal antibody to receptor activator of nuclear factor kB ligand (denosumab) (7) , and the parathyroid hormone/parathyroid hormone-related peptide analogs teriparatide (8) and abaloparatide (9) . Despite this substantial progress, many or most patients with osteoporosis are not currently receiving appropriate treatment, even after an event as devastating as hip fracture. For example, a recent study found that among 22,598 patients, the use of bisphosphonates after hip fracture declined from only 15% in 2004 to 3% in 2013 (10) .
There are a number of reasons for the lack of appropriate treatment of osteoporosis, including fear of rare bisphosphonate-related side effects such as osteonecrosis of the jaw and atypical femur fractures, misunderstanding of the benefit-to-risk ratio of osteoporosis drugs, poor coordination of health care systems for fracture patients, and inadequate access to appropriate investigation and treatment (11) . At a broader level, however, osteoporosis rarely, if ever, exists in isolation in an elderly individual. Rather, it coexists with numerous additional comorbidities, including cardiovascular disease, diabetes, rheumatoid arthritis, osteoarthritis, and other age-associated diseases (12) . This leads to two key barriers to osteoporosis treatment: (1) the busy primary care physician is often dealing with perceived more pressing, immediate medical problems (e.g., treating hypertension or diabetes), and (2) the older patient is increasingly burdened with the growing problem of polypharmacy. Indeed, the most recent estimates are that 36% to 39% of older adults take five or more prescription medications; when over-the-counter medication use is included, the prevalence of older adults taking five or more medications increases to 67% (13) . Current treatment strategies for all chronic age-related morbidities are disease specific, with each drug targeting a single disease (e.g., a statin for cardiovascular risk reduction, an antihyperglycemic agent for diabetes, a bisphosphonate for osteoporosis, etc.), leading to polypharmacy and the problems related to adverse drug interactions and compliance.
Fundamental Aging Mechanisms and Cellular Senescence
It is in this context of multiple aging comorbidities that the gerontology community has increasingly recognized the concept that aging itself is the greatest risk factor for most age-related chronic diseases, including atherosclerosis, cancers, dementias, diabetes, and osteoporosis ( Fig. 1) (14) . This has led to the "Geroscience Hypothesis," which posits that manipulation of fundamental aging mechanisms will delay (in parallel) the appearance or severity of multiple chronic diseases because these diseases share aging as the underlying risk factor-namely (14) . Figure 2 summarizes common aging mechanisms that influence lifespan and healthspan that have been identified based on studies across a range of species (15) . At least one of these pathways, 5
0 -adenosine monophosphate-activated protein kinase signaling, which is targeted by the antidiabetes drug metformin, is the focus of a planned clinical trial (Targeting Aging with Metformin) in which 3000 subjects, ages 65 to 79 years, will be randomized to treatment with placebo or metformin (16) . Moreover, in the first example of its kind to be considered by the US Food and Drug Administration, the investigators will measure time to a new occurrence of a composite outcome that includes cardiovascular events, cancer, dementia, and mortality, along with important functional and geriatric endpoints, as opposed to the traditional clinical trial approach of testing effects of an intervention on each separate condition.
Of the other fundamental aging mechanisms depicted in Fig. 2 , cellular senescence has received considerable attention recently as a potentially druggable target to prevent or treat multiple aging comorbidities. Cellular senescence was originally described by Hayflick (17) , who showed over 40 years ago that human fibroblasts initially underwent robust cell division in culture. Over many cell doublings, they lost their ability to divide but remained viable in a senescent state for many weeks. Subsequent work more clearly defined cellular senescence as an essentially irreversible growth arrest that occurs when cells experience potentially oncogenic insults, consistent with its role as an anticancer mechanism [reviewed by Tchkonia et al. (14) ]. However, as summarized herein, there is convincing evidence that the accumulation of senescent cells is causally related to multiple aging phenotypes and pathologies. Figure 3 provides an overview of the cellular senescence pathway, whereby repeated cell division (as in the original Hayflick model) as well as other cellular stresses (e.g., telomere shortening, DNA damage, protein aggregation, increased reactive oxygen species) activate the p53/p21 and p16
Ink4a /Rb tumor suppressor pathways to initiate senescence. Downstream of these signals, the senescence response is amplified by a number of mediators, including nuclear factor kB, interleukin-1b, interleukin-6, and CCAAT/enhancer binding protein-b. A fully mature senescent cell acquires a number of key characteristics: increased cell size and protein content; resistance to apoptosis; and a series of biomarkers that are now used to identify these cells, including increased p16
Ink4a and p21 expression, cytochemical staining for senescence-associated b-galactosidase, and immunofluorescent staining for laminin B1 and gH2AX (an H2A histone family member that is recruited to sites of DNA damage in senescent cells) [for review of these senescence markers, see Zhao et al. (18) ]. Senescent cells also develop a fairly striking decondensation of pericentromeric satellite heterochromatin termed "senescenceassociated distension of satellites" (SADS) (19) . Finally, these cells develop a revved-up machinery to secrete proinflammatory cytokines, chemokines, and proteases, termed the "senescence-associated secretory phenotype" (SASP), which has deleterious paracrine and systemic effects ( Fig. 3) (14) . Indeed, in part due to the remarkable ability of the SASP to cause "sterile inflammation," even a relatively low abundance of senescent cells [e.g., ;10% to 15% in old primates (20) ] is sufficient to cause tissue dysfunction.
Although the accumulation of senescent cells and aging pathologies have been associated for some time, the critical proof-of-concept for a causal role for senescent cells in mediating aging morbidities came from Baker et al. (21) in 2011. Using an accelerated aging model (BubR1 progeroid mice), these investigators showed that in progeroid mice transgenic for a "suicide" transgene, INK-ATTAC, that permits inducible elimination of p16 Ink4a -expressing senescent cells upon administration of a synthetic drug (AP20187), reduction of the senescent cell burden ameliorated multiple aging phenotypes in adipose tissue, skeletal muscle, and eye. However, because BubR1 mice do not have premature bone loss, the skeletal effects of eliminating senescent cells could not be assessed in this study.
Although clearance of senescent cells in a genetically engineered mouse model provided key evidence for causality, this approach cannot be translated to humans. The crucial step toward translation came from Zhu et al. (22) , who described the identification and validation of a class of drugs termed senolytics, which selectively kill senescent cells. The approach used to identify senolytics took advantage of the known resistance of senescent cells to apoptosis; thus, small interfering RNAs were used to silence expression of key nodes in prosurvival networks in senescent cells that were identified using proteome and transcript analysis. Specifically, small interfering RNAs targeting ephrins (EFNB1 or EFNB3), PI3Kd, p21, BCLxL, or plasminogen-activated inhibitor-2 killed senescent cells but not proliferating or quiescent differentiated cells. Zhu et al. (22) next tested 46 candidate drugs that targeted these same pathways. Of these, dasatinib [an FDAapproved tyrosine kinase inhibitor (23) ] and quercetin [a flavanol present in many fruits and vegetables (24) ], when used in combination, showed efficacy in killing senescent cells in vitro. In vivo, periodic administration of the combination of dasatinib and quercetin reduced senescent cell burden in chronologically aged and irradiated mice and in a different accelerated aging model (Ercc1 2/Δ progeroid mice). Specifically, in old mice, cardiac function and carotid vascular reactivity improved after treatment; in single limb irradiated mice, exercise capacity improved; and in Ercc1 2/Δ progeroid mice, there was improvement in multiple health outcomes (22) . These studies established the feasibility of selectively ablating senescent cells using a pharmacological approach that could be translated to humans with demonstrable improvements in multiple health outcomes in aging mice. After this initial description of dasatinib and quercetin, a number of additional senolytic drugs have been identified that target the Bcl-2 family (navitoclax, ABT263; A1331852, A1155463), p53/ p21 (FOXO4-related peptide, piperlongumine), HSP-90 (geldanamycin), and PI3K/AKT (fisetin) pathways [for a detailed review of senolytics, see Kirkland and Tchkonia (25) ].
Cellular Senescence and Bone
Given the growing evidence for a critical role for cellular senescence in mediating a number of age-related pathologies and the advent of senolytic drugs to potentially treat these pathologies simultaneously, several groups have sought to address the role of cellular senescence in mediating agerelated bone loss. To identify the cell type(s) within the bone microenvironment that undergo senescence with aging in vivo, our group measured senescence and SASP markers in highly enriched cell populations rapidly isolated from bone or bone marrow without in vitro culture from young (6 months) vs old (24 months) mice (26) . In mice of both sexes, expression of the key senescence marker p16
Ink4a (Fig. 3) by real-time quantitative polymerase chain reaction was significantly higher with aging in B cells, T cells, myeloid cells, osteoblast progenitors, osteoblasts, and osteocytes. To further validate these findings, we measured SADS in vivo and found significantly more senescent osteocytes in old as compared with young bone cortices (11% vs 2%; P , 0.001) (26) . Evaluation of a panel of 36 established SASP genes in each of the respective cell populations revealed that relatively few SASP factors were altered significantly with aging in osteoblast progenitors and osteoblasts; by contrast, 23 of the 36 SASP genes were significantly elevated in old vs young osteocytes. In the hematopoietic cell populations, relatively few SASP factors were increased with aging in B and T cells, but 26 of the 36 genes analyzed were significantly upregulated in old as compared with young myeloid cells. These findings in mice were validated in humans by obtaining needle biopsies of bone from young (mean age, 27 years) and old (mean age, 78 years) healthy female volunteers (n = 10 per group). Consistent with the data in mice, p16
Ink4a and p21 expression was significantly higher in the bone biopsies from the old vs young women (2.2-fold and 1.5-fold, respectively; P , 0.01), and 12 of the SASP factors were significantly upregulated in the biopsies from old women. Collectively, these findings demonstrated that, with aging in mice and in humans, a subset of cells of various lineages in the bone microenvironment become senescent, although upregulation of the SASP occurs predominantly in osteocytes and myeloid cells.
The above findings on increased osteocyte senescence with aging were confirmed by Piemontese et al. (27) , who demonstrated increased protein expression of the senescence marker gH2AX in osteocytes from old (21-month-old) as compared with young (7-month-old) mice as well as increased osteocyte expression of p16 Ink4a and several SASP markers. These alterations were also associated with increased osteocyte receptor activator of nuclear factor k-B ligand expression and cortical porosity, suggesting that osteocyte senescence may drive an increase in endocortical and intracortical bone resorption. Additional studies from the same group extended these findings to osteoprogenitors (28) , showing that osterix-expressing osteoprogenitor cells decreased with age in mice and that this decrease was associated with increased expression of gH2AX and other senescence markers.
To establish a causal relationship between cellular senescence and age-related bone loss, our group used three different strategies to target senescent cells and assessed their impact on the skeleton in old mice (29) : reducing senescent cell burden using either a genetic approach [i.e., the INK-ATTAC suicide transgene described previously (21) ] or senolytic compounds [dasatinib and quercetin (23) ] or inhibiting the production of the proinflammatory SASP of senescent cells using a JAK 1/2 inhibitor (30, 31). The skeletal effects of all three interventions were remarkably similar in that, in old (20-to 22-month-old) mice with established bone loss, treatment for 2 to 4 months markedly improved bone mass and microarchitecture in trabecular and cortical bone. Using either the genetic approach or senolytics, there was an ;50% reduction in senescent osteocytes as assessed by the SADS assay, indicating that complete elimination of senescent cells was not required for beneficial skeletal effects. Moreover, the combination of dasatinib and quercetin only needed to be administered once monthly to achieve skeletal benefits, highlighting a key potential advantage of the senolytic approach: Because senescent cells take time to accumulate in various tissues, intermittent administration of senolytic drugs appears to be adequate to achieve therapeutic effects, thereby minimizing the risk of off-target effects. The specificity of these interventions for aging was demonstrated by the lack of effects of these treatments on bone mass, microarchitecture, or turnover in young mice with a low burden of senescent cells.
Histomorphometric analyses revealed important insights regarding the cellular mechanisms that have beneficial effects of targeting senescent cells on bone and how these mechanisms differ from current osteoporosis drugs. The improvements in trabecular bone mass and microarchitecture were associated with decreased bone resorption and with no change in bone formation on trabecular bone surfaces. In cortical bone, increased cortical thickness was associated with decreased bone resorption and increased bone formation. In vitro studies extended the in vivo findings by demonstrating that a senescent cell-conditioned medium impaired osteoblast mineralization and enhanced osteoclast-progenitor survival, leading to increased osteoclastogenesis. This inhibition of bone resorption without a concomitant reduction (trabecular bone) and a stimulation (cortical bone) in bone formation as a result of targeting senescent cells contrasts with the effects of all currently available antiresorptive drugs for osteoporosis, where a reduction in bone resorption is consistently associated with a reduction in bone formation due to the coupling between bone resorption and bone formation (32) , as illustrated in Fig. 4a . By contrast, as shown in Fig. 4b , senolytics reduce senescent cell burden, which leads to a suppression of bone resorption with either an increase (cortical bone) or maintenance (trabecular bone) in bone formation, thereby effectively "uncoupling" bone resorption and formation. Because of this mixed antiresorptive/anabolic effect, senolytic treatment may have more sustained beneficial effects on bone as compared with conventional antiresorptive therapies, although further studies are needed to test this.
In the context of the Geroscience Hypothesis (i.e., manipulation of fundamental aging mechanisms will delay, in parallel, the appearance or severity of multiple chronic diseases), it is important to place the skeletal effects of targeting senescent cells in the context of other aging comorbidities. From parallel studies by our group and others, there is clear evidence that eliminating senescent cells or inhibiting the production of their SASP improves cardiac (22) and vascular function (33), reduces aortic calcification (33) and plaque instability (34), improves insulin sensitivity (30) , and reduces frailty (31) in old mice. Thus, as depicted in Fig. 5 , because senescent cell burden increases with age and is causally associated with multiple aging diseases (14) , targeting senescent cells through a variety of approaches may provide the most viable opportunity to modulate a fundamental aging mechanism through a single drug (or a limited number of drugs) and alter the course of many age-associated diseases (14) . For the osteoporosis field, particularly after the failure of the cathepsin K inhibitor odanacatib due to an increase in stroke risk (35) and questions regarding the future of the sclerostin inhibitor romosozumab due to a potential increase in cardiovascular events (36) , there is declining interest by the pharmaceutical industry in developing new osteoporosis drugs (37) . However, placing osteoporosis in the context of treating multiple aging conditions offers perhaps renewed hope for new drug development for this important age-associated disease.
Unresolved Issues and Future Directions
Despite accumulating evidence that reducing the burden of senescent cells or inhibiting their SASP may prevent or reverse aging pathologies, there are remaining questions regarding the pros and cons of these approaches. As noted previously, senescence likely evolved as an anticancer mechanism, whereby cells that had accumulated oncogenic insults were redirected toward a senescent, growth-arrested phenotype rather than uncontrolled proliferation and cancer (14) . As such, there is concern that preventing cells from becoming senescent may increase tumorigenesis. However, because it appears that senolytic drugs are effective when given intermittently, this concern may be mitigated by the fact that these drugs periodically reduce the burden of senescent cells rather than prevent them from forming. Senescent cells may also promote cancer growth through the proinflammatory SASP (14) , and reducing the numbers of these cells and/or their SASP may lead to decreased tumor development. Furthermore, senescent cells that can harbor oncogenic mutations are eliminated by senolytics, several of which (e.g., dasatinib) are currently used or being studied for preventing or treating cancers.
There is increasing evidence that cell senescence may play an important role during embryogenesis and growth. Indeed, developmentally programmed cell senescence has been identified at multiple locations during mammalian embryonic development, including the mesonephros and the endolymphatic sac of the inner ear (38) as well as the apical ectodermal ridge and the neural roof plate (39) . Postnatally, programmed cell senescence has been described in the primary spongiosa of long bones in mice at late puberty, when bone growth and accrual decelerate (40) . Perhaps most relevant to the use of senotherapeutic approaches in aging, cellular senescence has been shown to play a role in would healing (41) , during which senescent fibroblasts and endothelial cells appear early in response to a cutaneous wound and accelerate healing through the secretion of platelet-derived growth factor AA. Again, whether the intermittent reduction in senescent cell burden through senolytic drugs would have a negative effect on wound healing or other forms of tissue repair warrants careful study.
Although in the animal models (e.g., transgenic INK-ATTAC mice) senescent cells specifically expressing high levels of p16
Ink4a were eliminated, leading to a potential concern that targeting this or other critical regulatory genes may have untoward effects, this is not the approach proposed for application in humans. Rather, the senolytic drugs being developed for humans target multiple pathways that senescent cells rely on for their survival and not specifically p16
Ink4a or other single regulatory genes. Although issues related to tumorigenesis, tissue repair, and targeting specific pathways in senescent cells need to be carefully evaluated as senolytic therapy is developed, early-phase clinical trials using senolytic drugs have been initiated, and, given the growing list of age-related diseases in which cellular senescence may play a role, the number of these trials is likely to grow in the coming years. As an example, because chemotherapy can induce cell senescence and a proinflammatory state, our group has initiated a pilot study to evaluate the efficacy of dasatinib and quercetin in clearing senescent cells and to assess other health outcomes in patients after hematopoietic stem cell transplantation (ClinicalTrials.gov ID NCT02652052). As such, the preclinical findings in mouse models are very much in the translation phase to humans, and studies assessing the effects of senolytics on skeletal metabolism in aged individuals will soon be underway. However, there are a number of unresolved issues related to using senolytic drugs for age-related osteoporosis. A major concern is that, given the growing reluctance of patients to accept current options for osteoporosis, these patients may not be willing to consider senolytic therapies. It seems plausible that the likelihood of patient acceptance will be greater if it could be shown that a given senolytic drug or drug combination helps treat not just osteoporosis but also other aging comorbidities. Although more than one senolytic drug may be needed to target different tissues, there is evidence for a single drug combination (dasatinib + quercetin) in preventing age-related bone loss (29) and in improving vascular function and reducing aortic calcification (33) in mice, indicating that it may be possible to identify a limited combination of senolytic drugs targeting senescent cells in multiple tissues, which may lead to better acceptance of this approach.
Summary and Conclusions
Targeting cellular senescence represents a new therapeutic paradigm for preventing or even reversing agerelated osteoporosis and simultaneously treating multiple aging comorbidities. This approach does not focus specifically on bone but rather on a fundamental aging mechanism operative across tissues. If the remarkable promise of preclinical models is realized in human studies, we may truly have a novel approach to enhance healthspan (and perhaps lifespan) in the rapidly growing aging population in the Unites States and throughout the world. 
